Significance: Open fractures are fractures in which the bone has violated the skin and soft tissue. Because of their severity, open fractures are associated with complications that can result in increased lengths of hospital stays, multiple operative interventions, and even amputation. One of the factors thought to influence the extent of these complications is exposure and contamination of the open fracture with environmental microorganisms, potentially those that are pathogenic in nature. Recent Advances: Current open fracture care aims to prevent infection by wound classification, prophylactic antibiotic administration, debridement and irrigation, and stable fracture fixation. Critical Issues: Despite these established treatment paradigms, infections and infection-related complications remain a significant clinical burden. To address this, improvements need to be made in our ability to detect bacterial infections, effectively remove wound contamination, eradicate infections, and treat and prevent biofilm formation associated with fracture fixation hardware. Future Directions: Current research is addressing these critical issues. While culture methods are of limited value, culture-independent molecular techniques are being developed to provide informative detection of bacterial contamination and infection. Other advanced contamination-and infection-detecting techniques are also being investigated. New hardware-coating methods are being developed to minimize the risk of biofilm formation in wounds, and immune stimulation techniques are being developed to prevent open fracture infections.
SCOPE AND SIGNIFICANCE
Open fractures occur when bone is exposed through skin as a result of bone breaking through skin or wound penetration with fractured bone exposure. While multiple factors may influence open fracture rate, a recent study reported an incidence of 30.7/ 10 5 /year. 1 Open fractures have multiple causes, often occur in extremities, and are most severe in lower legs and feet (Fig. 1A-C) . Infection rates also vary, but have been reported as 2.3% with effective antibiotic treatment. 2 Because of their severity, open fractures are associated with complications, including longer hospital stays, multiple operative interventions, and amputations (average amputation lifetime healthcare costs over $500,000.). 3 nonunion/malunion cases. 4 Further, while the importance of microbes in open fracture healing is accepted as significant, there is still little known about how or what microbes affect these wounds, or how we can use microbes diagnostically to predict complications and better inform treatment. The goal of current research is to address the deficiencies in the current paradigms of open fracture care, and to improve prevention and treatment of open fracture infection.
CLINICAL RELEVANCE
Microbial contamination and infection are common concerns in all wound care scenarios, but open fractures are at a higher risk for infection and other microbe-related complications. Open fractures are often the result of high-energy events that result in severe bone and soft tissue damage, thereby leading to significant risk of infection. Open fracture care focuses on effective management, especially in the early stages, with the goal of minimizing complications caused by microbial contamination.
DISCUSSION Current concepts in open fracture care and infectious risk minimization
Open fractures are at a high risk for infection and other complications, and the steps taken during initial treatment have a significant impact on the overall outcome. This impact has been evidenced as a decrease in infections and other complications as the result of effective fracture classification, prophylactic antibiotic administration, early debridement and irrigation, and proper fracture fixation. In this section we will further discuss the importance of initial wound management, highlighting the current concepts in open fracture care and the standard treatments, both prophylactic and therapeutic, for infections during open fracture healing. Open fracture classification and diagnosis. The initial description and evaluation of the wound is important for informing downstream actions and standardizing descriptive measures among the medical professional community. Several classification methods have been proposed for the description and evaluation of open fractures. The most frequently quoted and widely used scheme was first described by Gustilo and Anderson, 5 and later modified to its current form by Gustilo et al. (Table 1) . 6 This classification system involves the intraoperative scoring of open fractures from one to three in ascending order of severity, with a Type I injury involving a small soft tissue wound, Type II involving a large wound with little soft tissue damage, and Type III involving extensive soft tissue damage. Examples of Type II and Type III severity are shown in Fig. 2 . Type III wounds are further subcategorized into three subgroups, with Type IIIa fractures having extensive soft tissue damage with adequate soft tissue coverage, Type IIIb fractures having extensive soft tissue damage requiring transfer of soft tissue to cover the defect, and Type IIIc being the most severe due to extensive arterial damage requiring vascular repair. The severity of the open fracture, as scored by the Gustilo and Anderson classification system, is associated with the rate of infection and therefore has prognostic value. [5] [6] [7] Oestern and Tscherne proposed a classification system based on fracture type and soft tissue damage for both open and closed fractures ( Table  2) . 8 Additionally, the Association for the Study of Internal Fixation (translated from the German ''Arbeitsgemeinschaft fü r Osteosynthesefragen'' and abbreviated as the AO Foundation) has published a classification system that is designed to provide information about both the soft tissue and bone damage of the open fracture (Table 3) . 9, 10 This scheme considers the damage done to skin, the muscle tissues and tendons, and neurovascular system, overall making this a comprehensive and accurate classification scheme. 9, 10 While both classification methods are valuable, the Gustilo and 2 This study strongly supported the need for prophylactic antibiotic use. The study also illustrated the importance of understanding the administered antibiotics because, while cephalothin antibiotics were significantly effective in reducing infection rate, the patients treated with penicillin and streptomycin did not show a significant reduction in infection rate (a nonsignificant reduction from 13.9% in nontreated patients to 9.7% in penicillin and streptomycin treated). 2 Patzakis et al. used antibiotic resistance culture techniques to show this was at least partially due to penicillin and streptomycin resistance. Other studies have since highlighted other important considerations when deciding an antibiotic regimen.
Deciding an appropriate antibiotic course requires an understanding of the bacteria most likely to colonize wounds. Both Patzakis et al. and Gustilo and Anderson found that, when culturing wound infections, staphylococci (specifically coagulase positive staphylococci such as Staphylococcus aureus) were the most commonly isolated organisms. 2, 5 Because these bacteria appeared to be the most likely causes of infections, they suggested that prophylactic antibiotics should target Gram positive bacteria, and most especially staphylococci. The benefits of prophylactic antibiotic use against Gram positive bacteria have since been supported by other series. [11] [12] [13] While research supports the benefits of prophylactic antibiotics that target Gram positive bacteria, there is insufficient evidence to support the prophylactic use of Gram negative antibiotics. 9, 13, 14 As Gram negative bacteria become more prevalent in open fracture infections, including Acinetobacter baumannii and Pseudomonas aeruginosa, research addressing the prophylactic benefits of Gram negative antibiotics will become increasingly important. Another concern is the increasing threat of acquisition of antibiotic resistance by bacteria. The continued emergence of methicillin-resistant S. aureus (MRSA) has brought new considerations to prophylactic antibiotic treatment of open fractures. 14 Various rates of MRSA colonization of the nares have been reported, with a high rate of 7.4% in healthy university students in 2009, 15 and general rates being around 1-2.5%. [16] [17] [18] [19] [20] MRSA colonization in the nares, axilla, and groin has been suggested to increase the risk of MRSA infection at surgical wound sites, 14, 21 and nasal decolonization treatments, paired with antibiotic prophylaxis, have been shown to reduce the risk of MRSA infection in some cases. 22 Although the benefits of prophylactic antibiotic regimens that target MRSA have not yet been established, this will likely continue to be an important consideration as surgeons decide the best prophylactic antibiotic regimens to administer. 14 In addition to MRSA, there is also an increasing concern about other antibiotic-resistant bacteria, including Acinetobacter, Klebsiella, Pseudomonas, and Enterobacter, which are present in open fractures 23 and are known to be potentially infectious agents of open wounds. [24] [25] [26] Notably, pan-resistant strains of the significant hospital pathogen A. baumannii have emerged, developing resistance to colistin, the drug of last resort. 27 Antibiotic-susceptible and -resistant A. baumannii infections have continued to increase in prevalence over the past decades, both in military and civilian settings. [28] [29] [30] Because the antibioticresistant profiles of A. baumannii and other potentially antibiotic-resistant bacteria can vary geographically, orthopedic clinicians must consider the local potentially pathogenic bacteria and the local antibiotic-resistance profiles associated with those bacteria, as has been suggested for treating open fracture A. baumannii infections. 25 While it is important to predict what prophylactic antibiotics will be most effective, it is also important to understand the ideal administration timeline. This timeline includes the ideal gap length between patient presentation and antibiotic administration, and duration of antibiotic administration. Most surgeons agree that prophylactic antibiotic treatment should be started as soon as possible. 7, 9, 14 The key study by Patzakis and Wilkins showed that the most important treatment in preventing open fracture infection is prophylactic antibiotic administration. 7 The group showed that the patients who were treated prophylactically with antibiotics within 3 h were less likely to develop infection, and this timeframe is still used today.
While ideal time to administration is straightforward, ideal duration of therapy is less clear. One study has suggested that antibiotic treatment should be continued for 3 days after initiation, 31 while another study argues that 24 h is no less effective than 72 h. 32 Currently, authors advise that antibiotic treatment should be continued for at least 24 h, and may be continued for up to 72 h. 9, 13, 14 A concern with longer antibiotic administration times (i.e., 72 h) is that the increased exposure may promote antibiotic resistance among the bacterial populations, which has been shown to occur in some cases. 9, 13 Further research will be required to provide definitive responses to these concerns.
Debridement and irrigation. In addition to prophylactic antibiotic administration, wound debridement and irrigation are important procedures for preventing open fracture infection. The goal of open fracture surgical debridement is the excision of environmental debris, devitalized soft tissue, and bone, as well as irrigation of the wound to reduce bacterial load. The three major considerations are ideal timing between injury and debridement, the extent of debridement, and the irrigation materials to be used.
The recommended time to debridement after injury is dictated by the ''6-h rule.'' The 6-h rule is an orthopedic rule of thumb that claims that, to be effective, open fracture debridement should be conducted within 6 h after the injury. While this rule is widely accepted, little scientific evidence supports it. The 6-h rule was started by Friedrich, who utilized a guinea pig model and reported decreased risk of infection when contaminated soft tissue wounds were debrided < 6 h after contamination. This suggested that debridement earlier than 6 h resulted in lower infectious risk. 33 Recent literature, including human studies, has not supported the Friedrich claims, and while further study is needed, it seems that there is no increased risk of infection in delayed debridement cases. 9, 34 Despite these recent findings, most surgeons recommend immediate debridement of highly contaminated types II and III open fractures. 9 Irrigation is an important supplement for aggressive debridement of necrotic tissue and particulate matter because it further removes particulate debris and bacteria from the wound.
The specifics of what materials should be used, and to what extent irrigation should be performed, remain a topic of debate. These discussions focus on whether soaps, antiseptics, or antibiotics should be included in the irrigation saline, and whether pulsatile lavage should be used. Pulsatile lavage is a point of concern because it may drive bacteria further into soft tissue and cause microscopic damage to the soft tissue, and thereby impede healing and increase the risk for infection.
Most surgeons irrigate open fracture wounds using sterile saline alone, saline in combination with soap, saline in combination with antiseptic chemicals, or saline in combination with antibiotics. Although one might intuitively think that chemical additives would eliminate more bacteria and decrease the risk of infection, they are found to be ineffective. Antiseptic compounds are known to destroy bacteria, but studies have yielded conflicting results regarding their beneficial effect on wound healing and infection rate compared to saline solutions alone. 35, 36 In fact, antiseptics may be toxic to the human host cells, which could limit their efficacy due to host damage. 35, 36 Like antiseptics included in saline, the beneficial effects of human wound irrigation using antibiotics with saline has been unconvincing. 35, 37 Unlike antiseptics and antibiotics that destroy bacteria, soaps facilitate the physical removal of bacteria. Studies suggest that the use of soap with saline is just as, if not more, effective compared to antibiotic saline solutions. [37] [38] [39] Because antibiotic and antiseptic use in saline can add additional cost to treatment, may promote antibiotic resistance, and may harm the human host tissue, orthopedic clinicians recommend the use of soap with saline when irrigating wounds. 9 The pressure used in open fracture irrigation is just as important as the solutions used. The benefits of low-pressure gravity irrigation or high-pressure pulsatile lavage in open fractures remain a point of discussion. While high-pressure pulsatile lavage seems attractive because it is thought to better remove entrenched bacteria and debris, the high pressure may push bacteria further into the tissue. High-pressure irrigation may also heighten the risk of healing complications because it damages the surrounding human tissue. Although bacteria and debris may be more effectively removed from wounds using high-pressure pulsatile lavage, 40 others have argued that high-pressure pulsatile lavage does in fact push bacteria further into tissue and increases the numbers of bacteria retained in the wound. 41 Additionally, there has been significant research to suggest that high-pressure pulsatile lavage damages human tissue, thereby increasing risks for complications, infections, and delayed healing. 41, 42 Together, the effects of high-pressure irrigation are seen as more destructive than helpful, and lowpressure irrigation is recommended. 9 Volume of irrigation solution used is also an important consideration. In 2001, Anglen proposed increasing volumes of irrigation for more severe wounds. Given the availability of 3-L irrigation bags, he proposed 3 L for Type I fractures, 6 L for Type II fractures, and 9 L for Type III fractures. 35 This is the method currently used by most surgeons.
Internal and external fracture fixation devices. After the initial treatment of the wound, attention turns to fracture reduction and fixation. Not only is fracture reduction (anatomical realignment of fracture fragments) important for proper bone union and healing, stabilization of the fractured bones limits soft tissue damage. Anatomic reduction mediates the inflammatory response, decreases hematoma volume and dead space, and allows for tissue revascularization.
The utilization and efficacy of various fracture fixation techniques differs based on the anatomical location and severity of the injury. There are three general methods to fixing fractures: plate fixation, intramedullary (IM) nailing, and external fixation. Examples of IM nailing and external fixation are shown in Fig. 3 . Both plate fixation and IM nailing are internal fixation approaches, while external fixation is external, as the name suggests. Due to the high rates of complications and concerns for periosteal blood supply damage associated with plate fixation methods, they have been largely replaced by IM nailing and external fixation techniques for lower extremity diaphyseal fractures. 43 However, plates are still commonly used for periarticular fractures and open fractures of the radius and ulna, as it becomes more important to get an anatomic reduction. For example, internal plate fixation has been shown to be more effective than external fixation in the treatment of distal radius fractures. 44 The external fixation technique involves the insertion of threaded pins into the fractured long bones through the skin (Fig. 3B) . These screws are attached to external hardware that provides stable fracture fixation. The advantages of the external fixation approach are that it allows for rapid fracture stabilization, avoids placement of internal hardware, and minimizes further soft tissue damage by placing screws outside the zone of injury. Pin-track infections, concerns about fracture malalignment, and poor patient compliance limit its use for definitive fixation. External fixation is now more commonly used for temporary fixation of fractures while the surgeon awaits the soft tissues to recover, eventually converting to internal fixation.
IM nailing is an internal fixation approach for long-bone fractures, in which a titanium or stainless steel rod is placed into the reamed or unreamed medullary canal of a long bone (Fig. 3A) . This rod is secured in place and serves as an internal scaffold around which bone can heal. The advantage to the IM nailing technique is that it offers effective bone fixation that maintains length, alignment, and rotation, and also allows for earlier weight bearing. Though reamed femoral nailing is the gold standard for closed femoral shaft fractures, 45 concerns about infection risk in open fractures have been raised. 46 However, two prospective randomized trials do not show a significant increase in infection risk when using a reamed, locked IM nail for treatment of open tibial shaft fractures. 47, 48 With different technical advantages to each fracture fixation technique, the surgeon must take into account fracture pattern and soft tissue injury when deciding which method will best provide a positive functional outcome. 43 Treatment of fracture and soft tissue infections. Following initial classification, prophylactic antibiotic administration, surgical debridement and irrigation, and fracture stabilization, the open fracture wound may still become infected. In this case the patient is most often treated with intravenous antibiotics to suppress and eliminate the infection. Depending on the nature of the infection (the severity, location, and depth), the fracture fixation hardware may be left in place until the fracture heals, and will be removed after healing. If the infection is more severe, then the hardware may have to be removed, the wound will be debrided in addition to local antibiotic administration, and the hardware will be reinstalled after the infection has been cleared. Another common infectious concern is the formation of biofilms, which can occur rapidly on medical devices as well as host substrates like bone. 50 The group collected swabs from open fractures upon patient presentation to the hospital (before antibiotic intervention), obtained aerobic and anaerobic cultures from the samples, and examined correlations between the cultures and the patient progressions to infection. Only 24% of the surveillance cultures resulted in growth. Additionally, 77% of the infected wounds yielded negative cultures, and none of the cultured organisms matched the infectious organisms. This suggested an inability of surveillance cultures to reliably predict the infectious organisms of open fractures. This inability of surveillance cultures to accurately predict the infectious organism has been supported by other studies. [50] [51] [52] [53] While surveillance cultures have limited value in predicting downstream infectious organisms, some studies have suggested a value in surveillance culture bacterial load quantification. This was recently addressed in a retrospective study conducted by Burns et al. in a combat environment. The group took a similar approach to that mentioned previously, by attempting to find correlations between surveillance cultures taken during initial wound debridement and the later development of infections. Burns et al. found that the positive surveillance cultures were not able to accurately predict the infecting organism, as has been shown before. However, 38.7% of the culturepositive patients went on to infection, while only 11.5% of the culture-negative patients developed infection, and this correlation between a positive bacterial load culture and progression to infection was found to be significant. This therefore suggested that quantitative bacterial culturing may have limited value in predicting general infection. Other studies have also demonstrated the value of quantifying bacterial loads of wounds for general infection prediction, either through the use of quantitative Gram staining or more commonly through the use of quantitative culturing. [53] [54] [55] [56] The samples used for these bacteria quantifications were either wound swabs, wound effluent, or debrided tissue.
The timing of sample collection for quantification, such as whether the sample is collected before or after debridement, may be important and this may explain some different results reported in the literature. In a study by Merritt, the surveillance cultures for bacterial load were shown to have predictive value when taken as the patient was leaving the operating room (after the wound was debrided, irrigated, and cleaned), but not when taken as the patient entered the operating room (the sample was taken during debridement). 56 This suggested that the timing of surveillance culture sampling may be important. Although this study was conducted many years ago, the importance of sampling timing will likely remain a point for further investigation.
Advances in molecular analysis of bacterial contamination at time of injury. The advent of nextgeneration sequencing platforms, with increased throughput and decreased costs, has enabled approaches that do not rely on cultures for bacterial identification. Based on the DNA sequence of the prokaryote-specific 16S small subunit ribosomal RNA (rRNA) gene, culture-independent sequencing methods eliminate biases associated with cultures. Our group recently reported an ongoing pilot study that is using such approaches to understand the bacteria associated with open fractures. 23 This study utilized high-throughput sequencing of the bacterial 16S rRNA gene to characterize 30 open fractures, and was able to correlate specific bacterial taxa and community dynamics with time points and other clinical factors, including the anatomical wound location and patient progression to healing complications. The data can also be used to visualize the differences in bacterial communities between anatomical sites, and between the wound and healthy skin, at presentation of the patient to the emergency room (Fig. 4) . It also shows that healthy skin communities are dominated by Corynebacteriaceae and Staphylococcaceae bacteria, while the wound communities are not strongly dominated by any particular bacteria (Fig. 4) . Because this was a pilot study, the prognostic value of certain bacterial abundances or community compositions were not addressed, but this will be an obvious next step as more patients are enrolled and as more follow-up information is collected until the end of each patient's healing process. Overall, this study is allowing for more robust, detailed studies of the communities associated with open fractures.
Just as it is important to understand the specific bacteria that contaminate open fractures and cause infectious complications, it is also important to understand the ecology of open fracture wound 23 The communities were grouped into four anatomical categories. The top 10 bacterial families, calculated as median relative abundance across all samples, were calculated for the wound and skin groups. The bacterial communities upon patient presentation to the emergency room are shown. The skin communities are primarily dominated by Corynebacteriaceae and Staphylococcaceae, while the wound communities are less dominated by these or other bacteria. The wound and skin communities differ from each other at the same anatomical locations, and the different anatomically located communities also differ within the wound and skin categories. The bacteria labels are listed in the legend near the figure bottom. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound bacterial communities. Up to this point, individualcultured bacteria have been primarily considered either harmful or potentially pathogenic. In fact, not all bacteria are harmful, and some can be beneficial. Having a better understanding of these harmful and beneficial groups will improve further therapeutic development.
Changes in the human microbiome have been associated with a multitude of inflammatory diseases and states, including inflammatory bowel disease, acne vulgaris, and atopic dermatitis. 57, 58 In these cases, disease states are associated with alterations in the bacterial community structure, an alteration referred to as ''dysbiosis.'' Together, these examples illustrate that the entire microbial community, not just the potentially pathogenic or opportunistic microorganisms, influences hostmicrobe homeostasis. Further, commensal bacteria are thought to promote health in many ways, including competitive inhibition of potentially opportunistic and/or pathogenic microorganisms, educating and modulating the host immune response, and through the production of compounds that inhibit growth of potential pathogens, such as antimicrobial peptides. Work toward understanding the open fracture microbiome, and the beneficial and harmful bacteria in that community, remains ongoing.
Perhaps one of the most basic culture-independent, molecular methods is the estimation of bacterial load using quantitative polymerase chain reaction techniques. This method involves the quantification of the 16S rRNA gene sequences present in a wound swab or other sample type. This method is also ideal as a basic starting point because it does not require any sequencing of the bacterial genome, as primers are designed to regions of the 16S rRNA gene that are conserved throughout a broad range of prokaryotic taxa. Although this method is used in research laboratories, 4, 23 it has not yet been implemented in clinical settings.
Another high-throughput approach to understanding host-microbe homeostasis in traumatic injury was reported in a recent study by Chromy et al., who investigated the utility of global protein profiling approaches for identifying host biomarkers. 59 Wound effluent was collected prior to, and shortly after, surgical debridement. Twenty-five proteins were significantly differentially expressed between uneventful healing and complicated healing groups, many with established roles in regulating inflammatory and immune responses. For example, increased expression of complement C3 protein was associated with dehisced wounds, a similar finding to a chronic wound model in which complement genes were upregulated. 60 Excessive complement activation can be damaging to the host and has been linked to myriad inflammatory and autoimmune conditions. 61 Although these identified host biomarkers need further validation in open fracture settings (only one open fracture was included in the study of 19 patients with severe traumatic injury), this general approach is promising as a readout of the host immune response and may enable identification of protein biomarkers with predictive and/or prognostic value.
Techniques and methods for contamination eradication. While it will be important to continue to improve methods for diagnosing contaminated wounds and predicting their outcomes, it will also be important to improve methods for eradicating contamination from open fracture wounds. Open fracture infection is currently prevented through the minimization of contamination, often practiced as aggressive wound debridement, irrigation, and prophylactic antibiotic administration. The use of local antibiotic therapy for severe open fractures (Type IIIB and Type IIIC) has been shown to reduce the incidence of infection in a series of 1,085 open fractures. 62 Ostermann et al. used aminoglycosideimpregnated polymethylmethacrylate (PMMA) beads to provide high local concentrations of antibiotics. Because PMMA is not bioabsorbable, the length of implantation remains controversial and requires retrieval. Bioabsorbable antibiotic delivery vehicles may eliminate the need for reoperation and removal. 63 Assessment of open fractures for infection. Just as it is important to accurately diagnose bacterial contamination at the time of injury, it is also important to accurately assess wounds for infection. Although it may seem the assessment of infection should be obvious, this remains a difficult procedure. In fact, a series of studies that began in 1995 showed that, in cases of otitis media, inflammatory and bacterial cells could be observed by microscopy, the presence of bacteria could be confirmed by 16S rRNA gene quantification, and the presence of live bacteria could be confirmed by mRNA quantification, but the majority of bacterial cultures remained negative. 64 Due to these inaccuracies, culture methods alone are not sufficient to properly diagnose an infection. In fact, no single method is sufficient for infection diagnosis and multiple methods must be used for proper diagnosis. [64] [65] [66] Methods for the assessment of infections include repeated measurements of immune-related markers (i.e., Creactive protein and erythrocyte sedimentation rate), culturing, histopathology, X-ray imaging (diffuse periosteal reaction, fracture delayed union or nonunion, or loosening of pins indicates potential infection), nuclear imaging of 99m Tc accumulation, and computed tomography, including magnetic resonance imaging and positron emission tomography methods. [64] [65] [66] Because of the level of specialty required, infectious disease teams will often coordinate with the orthopedic team, when available, to identify and provide the most appropriate treatment. An overview of the mentioned methods for detecting open fracture bacterial contamination and infection can be found in Table 4 .
Prevention of biofilm formation on hardware. A specific infectious interest to orthopedic clinicians is the prevention of biofilms on fracture fixation hardware. Biofilms are complex communities of bacteria that create extracellular polymers that allow them to adhere to each other, as well as to implanted devices. Biofilms are a particular concern in open fractures, as well as other implant settings, because they are difficult to eradicate. Most antibiotics are unable to penetrate into biofilms, thereby weakening the primary line of attack. Biofilms also make the enclosed bacteria resistant to most effects of the host immune system. Additionally, the close proximity of biofilms creates an environment that promotes horizontal gene transfer, including transfer of antibiotic resistance and other virulence factor genes. 67 Culture identification of microorganisms forming a biofilm is challenging, as those microbes forming the biofilm rely on microbe-microbe interactions, and are thus difficult to isolate as individual planktonic colonies. Additionally, biofilms are usually polymicrobial, and are often collections of Gram positive and negative bacteria, which makes their culture identification and treatment particularly difficult.
Biofilms are polymicrobial and maintain a ''supragenome'' that is necessary for the overall biofilm survivability. 68 This means that biofilms are complex communities of bacteria that, together, express the genes needed for biofilm formation and maintenance, but no single bacteria has all of the required genes; the genetic burden is shared among the community. 68 Because of the metagenomic synergy, bacterial diversity, horizontal gene transfer, and overall genomic diversity associated with biofilms, almost any bacteria is capable of forming a biofilm. All of these factors contribute to the difficulty in treatingbiofilminfections.Overall,thebestapproach is to prevent biofilm formation in the first place.
Open fractures are at a higher risk for biofilm infections compared with closed fractures, likely because they have a greater burden of contamina- 65 Prevention of biofilm formation is important because biofilms can delay healing, propagate complications, and increase treatment costs. While there are multiple methods to prevent biofilm formation, including prophylactic antibiotics and accurate detection of potential biofilm-forming bacteria (both discussed previously), we will focus on hardware coatings that can deter or prevent bacterial adhesion and biofilm formation.
Biofilm-prevention studies are conducted on many different types of devices, but recently the group of Williams et al. reported an effective antimicrobial coating that was tested in a type IIIB open fracture sheep model. 69 The coating reported in this study was an active release compound (meaning the coating continuously releases the antimicrobial compounds into the surrounding tissue) that was composed of silicone polymer and an active release antimicrobial agent called cationic steroid antimicrobial-13. Williams et al. found that their coated fracture fixation devices prevented 100% of infections when challenged with biofilm inocula in the open fracture sheep model, and 100% of the uncoated devices went on to infection. This particular coat shows promise and warrants further investigation.
Other coat-based approaches to preventing biofilm formation include the use of antisense molecules that can target and silence bacterial virulence factor genes, the use of quorum sensing inhibitors, and even coating with bacteriophages (viruses that only target and destroy bacteria), which are capable of penetrating biofilms. 67 Additionally, the use of ultrasound or electric currents may be effective in disrupting biofilms to allow for antibiotic or antimicrobial compound penetrance. 67 The use of external fixation devices as discussed previously, when possible, is another way to reduce the risk of biofilm formation. External fixation devices can potentially reduce the risk for infection because the pins are placed outside of the zone of injury, because they have a smaller surface area, and because they are never permanent. Because pin-site infections are common, these devices' values are also limited.
Difficulties in elimination of infection and biofilm destruction without sacrificing construct stability. When biofilm infections do occur on internal fracture fixation hardware, the treatment must balance the risks of fostering infection with the benefits of fracture stability. As mentioned earlier, treatment of biofilms is particularly difficult because the structure protects the bacteria from antibiotics and host immune responses. The choice to remove hardware to treat a potential hardware biofilm infection depends largely on the state of bone healing. If the patient's bone has sufficiently healed, then the hardware is removed and the patient is treated with antibiotics. The case becomes more difficult when the bone has not sufficiently healed.
If the patient's bone has failed to heal, then the surgeon must make a decision as to whether the hardware should remain until the bone has healed, or to remove the hardware, treat the infection (often with local antibiotics actively released by a PMMA vehicle), and install new hardware to stabilize the fracture after the infection has cleared. This can be a difficult choice and in many cases an infectious disease specialist is consulted. 70 This deficiency in TH1 lymphocytes has been linked to the reduced ability of open fractures to resist infections, and attempts to restore TH1 function in open fractures have resulted in increased resistance to infection in animal models. 70, 71 This knowledge has led some groups to attempt to prevent open fracture infection by modulating the immune system.
In 2012, a group led by Boyce et al. attempted to therapeutically modulate the immune response in an open fracture rat model, in which the rats' femurs were fractured using a custom apparatus. 70 The group used IL-12 to modulate the immune response because IL-12 is known to play a role in naive T lymphocyte differentiation into TH1 lymphocytes, which would therefore stimulate the wounds' immune response and address their deficiency in TH1 lymphocytes. After femur fracture, the group inoculated the wounds with clinical isolates of S. aureus and treated the rat wounds with percutaneous injections of placebo, IL-12, ampicillin antibiotic, or a combination of IL-12 and antibiotic. The group found that, although the antibiotic treatment was more effective than IL-12 alone in preventing infection, the combination of IL-12 and antibiotic was more effective than the antibiotic treatment alone. This suggests that the use of IL-12, in combination with antibiotic treatment of open fractures, may improve the wound's resistance to infection. While this was only an animal model study, it warrants further investigation into using immune-modulating cytokines to improve the efficiency of prophylactic antibiotic, or other antibiotic treatments.
The same group, led by Li et al., also investigated the efficacy of coating implant devices with IL-12 to prevent biofilm formation and infection by stimulating the immune system as described previously. 71 The group used the rat femur fracture model and S. aureus bacterial challenge model as described previously. Metallic wires were used as IM nails at the fracture sites. Half of the rats received wires coated with IL-12 and the other half received uncoated wires. The results showed that rats who received IL-12-coated wires had significantly lower rates of infection, and those rats also had better bone quality and improved healing as assessed by three blinded, orthopedic surgeons. This report supports the benefits of IL-12 as coatings on implant devices, such as IM nails, and warrants further investigation.
Conclusions and perspectives
Due to exposure to the external environment, the extended duration of required healing, and suppressed immune responses, open fractures are at significant risk for infectious complications. A major focus of current open fracture care is minimization of this infectious risk. During initial treatment, infectious risk of the open fracture is reduced by properly categorizing the wound, treating the patient with prophylactic antibiotics, debriding and irrigating the wound, and stabilizing the fracture with appropriate hardware.
The early detection of bacterial contaminants continues to be a focus of current research. Unfortunately, contemporary surveillance culture methods are unable to reliably predict the bacteria that will lead to infection, often because the cultured bacteria are not the same bacteria present at the time of infection. There is still a need to accurately predict which patients will move on to develop infections of particular bacteria, and researchers will likely continue to investigate potential methods for making such predictions.
Timing of sample collection will likely play a role in the success of biomarker discovery for infecting bacteria. Timing of sample collection, such as whether the sample was taken before or after surgical debridement, is a potentially significant factor in whether or not the detected bacteria will lead to downstream infections. Further, existing studies have focused on detecting potentially infectious organisms upon presentation, or shortly thereafter, but often fail to assess the potentially infectious organisms colonizing the wound at later times. This may be important because the bacteria present at the wound site at later times may be more significant to causing infection than bacteria at presentation. Improved cultureindependent techniques, such as protein biomarker identification and 16S rRNA gene sequencing, will improve diagnostic and prognostic abilities and give greater power to future studies that investigate these issues.
As biofilms continue to complicate open fracture care by establishing persistent infections of implanted hardware and host tissue substrates, researchers will likely continue to develop new methods to prevent and eradicate them. Promising methods include the coating of hardware devices with actively released antibiotics, antisense molecules, quorum sensing inhibitors, bacteriophages, and immune-system-stimulating cytokines. Effective alternative methods to antibiotic treatment for established biofilm infections, such as bacteriophage therapy, need to be further explored because antibiotics poorly penetrate biofilms.
SUMMARY
Open fracture wounds are at an increased risk for developing infections and other related complications. Current treatment paradigms aim to minimize infectious risks by effectively categorizing the wounds, treating the patients with prophylactic antibiotics, effectively debriding and irrigating the wounds, and appropriately fixing the fractures. While these treatment methods are well established in modern practice, many therapeutic details remain a point of discussion, such as the prophylactic benefits of Gram negative antibiotics.
Despite the efficacy of contemporary treatment paradigms, current research is continuing to address the deficiencies in current care methods. This research includes the use of culture-independent techniques, including bacterial DNA sequencing and protein biomarker detection, for assessing open fracture contamination or infection. Improved methods are also being developed for the removal of contamination and treatment of infection. Biofilm formation on fracture fixation hardware is a major concern, and techniques are being developed to prevent these infections, including various hardware coating techniques. One such coating technique aims to stimulate the antibacterial immune response, and this is also being developed as a compound to be administered with antibiotics to improve their overall efficacy. Additionally, treatments involving immune system stimulation are being developed to address the local deficient immune responses of open fractures.
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TAKE-HOME MESSAGES
Open fractures are at an increased risk for infection and related complications.
Current treatment aims to prevent infectious complications through wound categorization, prophylactic antibiotic administration, debridement and irrigation, and effective fracture fixation.
Culture-based methods offer poor prognostic value, leading to current research on culture-independent methods.
Biofilm infection is a significant concern in open fracture treatment, and different hardware coating treatments are under development.
Treatments involving immune system stimulation are being developed to address the local deficient immune responses of open fractures.
